The recent discovery of topological insulators (TIs) has sparked widespread interest in this new phase of matter [1, 2, 3, 4] . A hallmark of TIs is the topological surface states (TSSs), which have been studied in detail by surface-sensitive techniques, most notably angle-resolved photoemission spectroscopy [5, 6, 7] and scanning tunneling microscopy [8, 9] . While rapid progress has been made in understanding the vacuum-terminated surface of these materials, it is still challenging to probe experimentally the properties of the buried interface between a TI film and its underlying substrate. Yet the buried interface can be more important than the exposed surface. It is protected against the ambient environment, easily amenable to charge or voltage tuning, and is much better suited for device architecture and applications. More generally, tailored interfacial configurations could support a variety of novel electronic states [10, 11] .
Being able to precisely determine the interfacial atomic structure is a key step toward interfacial engineering and control.
Numerous transport measurements of films of the best known TIs, Bi 2 Se 3 and Bi 2 Te 3 , have indicated enhanced surface conduction relative to the bulk samples [12, 13, 14, 15] . When these films become very thin, quantum tunneling may link the surface and interface, resulting in a tunneling gap in the TSSs and hence rendering the system insulating [16] . Experimentally, tunneling gaps in Bi 2 Te 3 and Bi 2 Se 3 thin films vanish at 4 and 6 quintuple layers (QLs), respectively, in reasonable agreement with theoretical predictions for freestanding films [16, 17, 18, 19] . By sharp contrast, Sb films grown on Si(111) exhibit a zero tunneling gap already at 4 bilayers despite a sizeable gap predicted by theory for a freestanding film [20] . These results illustrate that the overall electronic structure of the film-substrate system is material-specific and can be very sensitive to the atomic structure at the interface.
Here, we present a detailed study of the interfacial atomic structure of Bi 2 Te 3 thin films grown on Si(111) using surface X-ray scattering, and discuss how the nontrivial structure affects the electronic properties. X-ray scattering is non-invasive with a large probing depth well suited for investigating buried structures [ 21 ] . We performed non-resonant and resonant X-ray scattering for element-sensitive mapping of the layer structure [ 22 ] . Previous structural determinations of TI films were mostly based on ex situ X-ray measurements in air, which explored issues of crystallinity and film thickness but did not probe the structure at atomic-scale resolution [23, 24] . Our measurements were, instead, performed in situ under ultrahigh vacuum in order to avoid surface contamination that can become problematic for ultrathin films. The Bi 2 Te 3 films were grown on a clean (7×7) reconstructed Si(111) surface under a Te-rich condition [17, 18] . All X-ray measurements were performed at room temperature at sector 33-ID-E, Advanced Photon Source [25] .
A schematic diagram of the experimental configuration is shown in Fig. 1(a) , where a hexagonal surface coordinate system is used [26] . Figure 1(b) shows measured real-time antiBragg oscillations of Bi 2 Te 3 during growth. The intensity increases rapidly to a maximum at a nominal film thickness of ~0.2 QL, after which it undergoes damped bi-QL oscillations. The sharp peak at 0.2 QL is unusual and indicates a nontrivial growth mode. It is attributed to the formation of a buffer layer based on additional evidences to be presented below and elsewhere [27] . The ensuing bi-QL oscillations indicate QL-by-QL growth above the buffer layer. Layerby-layer growth is ordinarily characterized by intensity maxima at 2n + 1 (odd layers), but interference from the buffer layer and substrate could influence the phase of oscillations [27] .
The measured specular reflectivity from the (7×7) substrate and buffer-capped surface (0.2 QL coverage) is shown in Fig. 1(c) . In regions away from the Si Bragg peaks at L = 3 and 9, the reflectivity increases substantially with the addition of the buffer layer. Fitting of the data reveals a buffer layer sitting at ~2.7 Å above the top Si layer. This buffer layer has a (7×7) structure commensurate with the Si(111)-(7×7) substrate, as evidenced by simultaneous intensity increases for all of the 1/7 fractional peaks in in-plane scans; an example of K-scan at H = 0 and L = 0.2 is shown in Fig. 1(d) . Further deposition beyond 0.2 QL results in intensity increases only at K ~ 0.87 and 1.74, indicating formation of a 1×1 Bi 2 Te 3 film. A close inspection of the peak at K ~ 0.87 [inset in Fig. 1(d) ] reveals, actually, two closely spaced peaks at K = 0.86 and 0.88, which correspond to the Si 6/7 fractional peak and the bulk Bi 2 Te 3 peak, respectively.
Evidently, this near-6/7 fractional match determines the epitaxial relationship. The intensities of both peaks grow from 0.2 to 1 + 0.2 QL, but further deposition of another QL results in increase of the bulk Bi 2 Te 3 peak only. A similar behavior is observed for the peak near K = 1.74. Thus, the first QL is partially strained by the substrate, and additional QLs assume the bulk structure within the plane [27] . The sample configuration at 1 + 0.2 QL is shown schematically in Fig. 1 
(e).
Information about the interfacial atomic layer stacking for the 1 + 0.2 QL film can be extracted from the reflectivity data shown in Fig. 2(a) . The interference fringes, with an average spacing of ΔL ~ 1 (Δq z = 0.668 Å -1 ), correspond to a total film thickness of ~2π/0.668 = 9.4 Å. This is much larger than the spacing between the top and bottom Te layers in a QL (7.55 Å).
Thus, the simple scenario, in which a QL film grows directly on the Si substrate, can be ruled out. (Fig. 4(b) ). This roughness buildup is in agreement with the observed damping of the anti-Bragg intensity oscillations [ Fig. 1(b) ].
The final structural model and parameters for a thick film are summarized in Fig. 4(c) .
The top Si double layer relaxation is very slight. The buffer layer is mostly Te and is commensurate to the (7x7) substrate. The bottom QL is slightly relaxed and partially strained, and the rest of the film is bulklike. The existence of a buffer layer was suggested previously [29, 30] , but the detailed structure (including the buffer layer position, interfacial strain, and film relaxation) as well as the structural evolution as a function of film thickness is not available from these earlier studies. We have also tried fitting the data with additional structural parameters. For example, first-principles calculations suggest that the topmost QL could contract by as much as ~0.3 Å towards the second topmost QL [31] . However, allowing the top QL to relax in the fitting yields a negligible relaxation. The difference between our experiment and theory might be related to uncertainties in theoretical calculations involving van der Waals bonding (between neighboring QLs). Prior low-energy electron diffraction (LEED) analysis of this system yields results that are consistent with our findings about the surface structure [32] , but detailed interfacial structure is not available from LEED. This picture is also consistent with the weak structural relaxation for the bottom QL and the slight strain effect. The interfacial relaxation damps out quickly, and by the second QL, the structure becomes indistinguishable from the bulk.
One could argue that, because of the buffer layer, the Bi 2 Te 3 film is largely decoupled from the substrate, both structurally and electronically. Indeed, our detailed first-principles simulations indicate that the electronic structure of Bi 2 Te 3 films grown on Te-capped Si is essentially the same as that of freestanding films (Fig. S1 in [27] ). The electronic decoupling renders the interfacial topological state (nearly) identical to the one on the vacuum-terminated surface. The resulting (near) degeneracy of the states gives rise to a tunneling gap in the TSSs at low coverages, as observed by photoemission measurements [17, 18] . Our simulations also suggest that films grown directly on Si without the Te buffer layer would exhibit gapless TSSs (with somewhat modified dispersion relations), due to breakdown of the surface-interface degeneracy [27] .
In summary, our X-ray study of the growth of a prototypical topological insulator, Bi 2 Te 3 , on the most important electronic substrate material Si, reveals important insights. The growth is epitaxial with a near 6/7 fractional lattice match. The formation process of the interface is nontrivial, involving a Te buffer layer that keeps the Bi 2 Te 3 film atop essentially bulk-like and largely decoupled from the substrate. This decoupling can be an important feature for the utility of interfacial topological states for applications. The interface would provide protection from the environment and yet exert minimal perturbation to the topological electronic structure. The resonant X-ray scattering method presented herein is a powerful probe of the structure and chemistry at buried interfaces. While the present work demonstrates a weakly bonded interface in a TI/semiconductor system, it will be interesting to perform a systematic analysis of other cases where the bonding might be strong, e.g., Sb films on Si(111) [20] . This type of work is essential for understanding the interplay between the topological electronic states and the interfacial atomic structure. 
